Abstract The scattering features of microwave (MW) by planar plasma layer, plasma column and plasma-column array under different parameters have been numerically studied by the finitedifference time-domain (FDTD) method. The effects of the plasma frequency and electron collision rate on MW's reflectance, transmittance and absorptance are examined. The results show that for the planar plasma layer, the electron collision plays an important role in MW absorption and the reduction of wave reflection. In the plasma column condition, strong scattering occurs in certain directions. The scattering pattern depends on the plasma frequency, electron collision rate and column radius. A collisional, non-planar shaped plasma object like the plasma-column array can reduce significantly the wave reflection comparing with the planar plasma layer.
Introduction
Plasma-electromagnetic wave (EMW) interaction, especially the wave reflection and absorption, has received wide attention due to its potential applications such as plasma stealth and electromagnetic protection, etc [1−7] . The planar plasma layer is usually used to investigate the interaction between plasma and EMW. In the case of underdense plasma, the incident wave can propagate into the plasma and be attenuated by the effect of electron-neutral collisions. While in the case of overdense plasma, EMW can completely be blocked as long as the plasma layer thickness is not too small. Plasma stealth is one of the main research topics in the field of plasma-EMW interactions. Kim et al. [8] used the Wentzel-Kramers-Brillouin (WKB) method to calculate the attenuation of EMW in plasma and analyzed the effect of various plasma parameters such as plasma frequency and electron density profile, etc. on the propagation of EMW, which showed the cutoff characteristics for plane EMW in a plasma layer. Liu et al. [9] used the finite-difference-timedomain (FDTD) method to research the propagation of EMW in non-magnetized plasma, which confirmed that a plasma cloaking system can successfully absorb EMW. Inhomogeneous planar plasma was also studied. For example, Jiang et al. [10] used the FDTD method to study the effects of wave frequency, electron density and electron collision rate on the attenuation of EMW in inhomogeneous planar plasma. Wolf et al. [11] investigated the reflection coefficient of metal plate covered by dielectric barrier discharge (DBD) plasma through experiments. Another hotspot is the influence of plasma on the communication between the re-entry body and the ground base [12, 13] . The communication blackout caused by the plasma shell generated around a hypersonic vehicle when re-entering the Earth's atmosphere is an important problem in astronautics [14] . This stimulates the enthusiasm of researchers to further investigate the cutoff characteristics of microwave (MW) in plasma.
On the other hand, artificial plasma can take various shapes in addition to a planar sheet, such as sphere and cylindrical column depending on various generation methods. The plasma-EMW interaction becomes much more complicated if the plasma is inhomogeneous and non-planar shaped. Additional scattering could appear when EMW passes through a plasma column or sphere. Helaly et al. [15] proved this effect by using the impedance-boundary-condition (IBC) method and the scattering-matrix-model (SMM). Song et al. [16] showed that the EMW was scattered by plasma sphere by measuring the offset angle of EMW. The scattering power of MW in certain directions as well as the whole scattering pattern can be controlled via changing the plasma parameters. Actually this approach has been applied in designing the plasmacoated scatters [17, 18] . However, the properties of wave scattering by underdense and overdense plasma column with different parameters are still inconclusive, which need to be further investigated.
In this paper, the FDTD method is employed to investigate the propagation of MW in various plasma objects in both under-and over-density conditions. The MW's reflectance, transmittance and absorptance are calculated for planar plasma layer and plasma column condition with different parameters. The far field pattern of the scattering wave from the plasma column is obtained. Considering the practical applications, large area plasma formed by a plasma-column array is also studied.
Simulation method
We use the finite-difference time-domain (FDTD) method to simulate microwave's propagation in plasma objects in the two-dimensional (2D) condition. For the FDTD simulation of MW propagation in plasma objects, the relative permittivityε r of plasma can be taken as:ε
where ω, ω p , and ν en represent the incident wave angular frequency, the plasma angular frequency and the electron-neutral collision rate, respectively. In the 2D condition, the incident wave can take the form of p mode or s mode depending on the polarization direction of the E field vector. However, it makes no difference for the normal incidence case in our study no matter which mode is chosen. That is to say the propagation of 2D MW is not affected by the polarization mode in the simulation [10] . We therefore only consider p mode MW in this paper for simplicity. On the other hand, the X-band MW (8-12 GHz) is widely used in many fields such as satellite communications, radar techniques and space research. For convenience and representativeness, we chose 10 GHz MW as the incident wave. The typical range of plasma frequency in our simulation is set to be 0.1-8 GHz for underdense plasma and 12-16 GHz for overdense plasma, respectively. The perfectly matched layer (PML) boundary condition is applied in this paper, which is commonly used in the FDTD method to truncate the simulation regions in order to deal with the electromagnetic problems with an open boundary [19] . Compared with the WKB method, the FDTD method has some special advantages: it can easily handle complex dielectric (e.g. dispersive and anisotropic dielectric) and irregular-shaped objects, such as an inhomogeneous plasma column and plasmaarray.
3 Results and discussion
Planar plasma layer
Firstly we investigate MW's propagation in the planar plasma layer of various parameters (i.e., electron density, electron collision rate and layer thickness, etc). Fig. 1 shows the representative configuration of a planar plasma layer in the 2D simulation region. The spatial distribution of electron density is homogeneous in the layer. The size of the plasma layer as well as the MW source is 50 cm. The distance between the source and the layer is 45 cm. The incident wave is p polarized in which the magnetic-field component is perpendicular to the x-y plane. 
Underdense plasma
Generally speaking, MW can pass through the plasma layer when the plasma frequency f p is lower than the incident MW frequency f , or f p f . However, MW's propagation characteristics still depend closely on the collision rate ν en , the plasma layer width d and the plasma frequency f p . Fig. 2 shows typical results of 10 Hz MW's reflectance, transmittance and absorptance changing with the ν en .
Here f p = 8 GHz (or the plasma angular frequency ω p = 2πf p = 2π×8 G/s) and d= 2 cm. It is seen in Fig. 2 that the reflectance is generally small (less than 0.1) in the whole ν en range. The absorptance and transmittance show opposite trends. When ν en is less than 2π×5 G/s, the absorptance rises up rapidly with ν en , then reaches a maximum value about 0.8 at ν en = 2π×8 G/s. When ν en >2π×8 G/s, the absorptance starts to decrease slightly with ν en .
This should relate to the following fact: MW is absorbed in collisional plasma by transferring wave energy to the kinetic energy of free electrons, which is eventually dissipated due to electron-neural collision. However, the acceleration of electrons by the wave field needs a certain time (saying the characteristic time can be taken as the wave period). At low ν en , the wave energy dissipation in plasma increases with ν en , leading to the rising of MW absorptance. When ν en reaches about the same level or even higher than the incident wave angular frequency ω, the acceleration time for an electron between two collisions becomes so short that the wave energy cannot efficiently be transferred to electrons. This causes an upper limit of the wave absorption in plasma, which shows a decreasing trend at high ν en as shown in Fig. 2 . The maximum value of absorptance appeared around ν en = 2π×8 G/s, close to the incident wave angular frequency ω = 2π×10 G/s. In underdense plasma, this dissipation mechanism caused by electron-neutral collision is dominant to the MW's attenuation. The simulation results for planar plasma layer by using the FDTD method are similar to the results of using the WKB method [20] . When ν en is sufficiently high, the absorptance depends on the layer thickness d, as shown in Fig. 3 . It is seen clearly that with the increasing of d, the transmittance is gradually decreased as more wave energy is absorbed by the plasma layer due to the electron-neutral collision. However, the plasma needs to be dense enough to ensure the absorption of MW. If f p is too low, the MW can pass through the planar plasma layer without significant attenuation, as shown in Fig. 4 . For instance, when f p is less than 0.5 GHz, the absorptance is just about 0.01. In this case the plasma is actually transparent to the 10 GHz MW. Therefore, in order to ensure the plasma's ability to modulate MW's propagation by electron-neutral collision, its f p should reach a critical level, e.g. at least f p ≥ 0.5 GHz for 10 GHz MW. Fig.4 The reflectance, transmittance and absorptance of 10 GHz MW changing with fp. Here νen = 2π×15 G/s and d=2 cm
Overdense plasma
When the plasma frequency f p is higher than the incident MW frequency f , MW can hardly pass through the plasma layer as long as the layer thickness d is greater than the MW penetration depth d cr . Here we define d cr as the thickness through which the transmittance is decreased to 0.01. As shown in Fig. 5(a) , when the plasma layer is very thin, a considerable part of MW energy can pass through the layer even though f p > f . The penetration depth d cr (obtained when the transmittance is 0.01) is about 1.25 cm for the present case. Beyond d cr , the reflectance and the absorptance tend to be constant. Similar to the skin depth of EMW in a dielectric, the penetration depth is supposed to decrease as the plasma frequency increases. So it is expected that the MW transmittance and absorption decrease with the plasma frequency. Or, high-density plasma is helpful for MW reflection. When d is large enough (i.e. larger than d cr ), as shown in Fig. 5(b) for d=2 cm, the absorptance increases significantly with ν en , while the reflectance decreases significantly at the same time. The transmittance is almost zero. Actually, in the case of sufficient d, the changing trend of absorptance and reflectance is always reversed for a different value of ν en .
The above results indicate that for the planar plasma condition the absorption of MW due to electron collision plays a key role in the reduction of the MW's reflectance. Therefore, the control of ν en in plasma (generally determined by the working gas pressure in gas discharge) is of great importance when low MW reflection is preferred such as in the plasma stealth.
Plasma column
In the case of the plasma column, the characteristics of MW's propagation can be different.
In our simulation we suppose the size of plane MW source is 10 cm and the distance between the indent MW and plasma column center is 45 cm, as schematically shown in Fig. 6 . The radius of the plasma column is 5 cm and the electron density is non-uniform in the column, decreasing from the center to the boundary. 
Underdense plasma
For simplicity, we assume the radial distribution of electron density is a linear profile in the column, with maximum n e =7.9.×10 11 cm −3 (corresponding f p =8 GHz) in the center and zero at the edge. The calculated distribution of field intensity in the simulation region is shown in Fig. 7 , in which the incident wave amplitude is set as 1. 11 cm −3 (fp=8 GHz, fp<f ) and νen=2π×1 G/s Fig. 7 clearly shows the MW is scattered into two symmetrical directions by the plasma column. The result is similar to previous experimental results [16, 21] . The reason for this scattering can be explained as follows: f p reduces linearly along the radius from the center to the edge, so that the relative permittivity rises according to Eq. (1). The non-uniform column can be treated as a combination of a series of concentric cylindrical shells where each shell has a separate electron density.
Considering the relationship of relative permittivity and refractive index n = (ε r ) 1/2 and the refraction law sin θ1 , where n 1 and n 2 represent the refractive index of different dielectrics, θ 1 is the incident angle and θ 2 is the refraction angle, MW in the column will gradually deviate from the center to the column edge, as shown in Fig. 8 , leading to the deflection of incident MW. Fig.8 The deflection of incident MW in a plasma column with non-uniform electron density Moreover, the angular distribution of far field scattering power is not uniform, i.e. the scattered MW varies with the receiving angle ϕ, as shown in Fig. 9 .
At lower ν en (2π×1 G/s in Fig. 9(a) ), there is a pair of scattering peaks that appear at symmetrical ϕ for f p of 6 GHz and 8 GHz. The peak value rises as f p increases, e.g. from 0.14 at f p =6 GHz to 0.16 at 8 GHz. At the same time the locations of the peaks shift toward a larger angle slightly. However, in the case of lower f p of 4 GHz, the two peaks combine into one. Further decreasing f p , the scattering pattern tends to be the same with the plasma-off condition. Actually, a lowdensity plasma column cannot efficiently scatter MW. On the other hand, the collision rate ν en also affects the scattering feature, as shown in Fig. 9(b) . The peaks of scattering power located at ϕ = ±15
• decreases with ν en , e.g. from 0.16 at ν en =2π×0.5 G/s to 0.09 at ν en =2π×10 G/s due to the electron collision effect in the column. Fig.9 The angular distribution of far field power surrounding the plasma column with r= 5 cm at (a) different central plasma frequency fp and νen = 2 π×1 G/s, (b) different collision rate νen and fp= 8 GHz Fig.10 The angular distribution of far field power surrounding plasma column at different column radius r. Here fp = 8 GHz and νen = 2 π×1 G/s Column radius r influences the scattering feature of MW. Increasing r, the two main peaks shift to a larger angle, as shown in Fig. 10 from r=3 cm to 7 cm. Meanwhile the corresponding scattering power of the two peaks has a maximum value when r= 5 cm. However, the scattering pattern shows the splitting feature only when r > 3 cm. At r=2 cm, there is only one single peak left at ϕ= 0
• . Actually, when the diameter of the plasma column is approximately equal to or less than the incident wavelength, the plasma column will not be able to scatter MW efficiently due to the strong wave diffraction around the column.
Overdense plasma
When the electron density is much higher so the central plasma frequency f p is higher than f , the MW shows different scattering features. Fig. 11 shows the angular distribution of scattering MW power by plasma column of r= 5 cm at different f p and ν en . It can be seen in Fig. 11(a) that as f p increases, the power of the two scattering peaks decreases slightly while their positions keep unchanged. While in Fig. 11(b) the scattering pattern keeps nearly unchanged at different ν en . These indicate that the scattering features of the overdense plasma column are insensitive to f p and ν en . For both conditions, the peak value is smaller compared with that in an underdense plasma column (see Fig. 9 ). This is because in the overdense condition the incident wave cannot go deep into the column. Therefore, the wave deflection mechanism introduced in Fig. 8 will be invalid. The overdense plasma column here acts like a metal one. On the other hand, the scattering power is concentrated within a small angular range near 0
• , while the wave reflection (±180
• ) is always very small no matter whether the column is underdense or overdense.
Parallel plasma-column array
The MW's interaction with the plasma-column array is also studied. As shown in Fig. 12 , the array consists of five identical plasma columns arranged parallelly. The radius of the column is 5 cm and the distance between adjacent column centers is 10 cm. The size of MW source is 50 cm and the distance between the source and the column array is 45 cm. The electron density in each column decreases linearly from the center to the boundary, which is the same as the case of 3.2. Fig.12 Schematic diagram of the simulation region for plasma-column array Fig. 13 shows MW's reflectance, transmittance and absorptance changing with the central plasma frequency f p in the plasma-column array at a low ν en . It is seen that the reflectance is very small (less than 0.05) in the whole range of f p no matter whether f p is greater or smaller than the incident frequency (10 GHz). Compared with the condition of a planar plasma layer with the same f p (see Fig. 5 ), the reflectance of the column array is very small so it can practically be ignored. At the same time the absorptance increases until f p = 14 GHz then tends to be constant, while the transmittance has the opposite trend.
The reflectance, transmittance and absorptance of the column array at increasing ν en are shown in Fig. 14 for f p =16 GHz. The reflectance decreases slightly when ν en < 2π×4 G/s. After that it tends to be zero, so does the transmittance, while the absorptance has the opposite trend.
The above results show that the plasma-column array has a good performance in attenuating the MW's reflection. The wave reflectance can remain at a very low level, almost unaffected by f p or ν en . Unlike the collisional planar plasma layer in which the MW can only be attenuated by the dissipation mechanism caused by electron collision, the plasma-column array can both absorb MW energy by collision, and scatter the MW into other directions due to its non-planar shape, leading to an even smaller wave reflectance. It is reasonable to suggest that the wave reflectance of a metal target can be greatly reduced if a plasma-column array is placed between the wave source and the target. This can be useful in some practical applications such as plasma stealth as well as the designing of multitube plasma sources [22] . Fig.13 The reflectance, transmittance and absorptance at increasing fp for plasma column array (νen = 2 π×1 G/s) Fig.14 The reflectance, transmittance and absorptance at increasing νen for plasma column array (fp = 16 GHz)
Conclusions
We have investigated the scattering feature of 10 GHz MW by the planar plasma layer, plasma column and plasma-column array in cases of underand over-density by the FDTD method. The effects of plasma frequency and electron collision rate on MW's reflectance, transmittance and absorptance were examined. The analysis revealed that in case of planar plasma, the dissipation mechanism caused by electron collision is dominant to MW's attenuation. In the case of an underdense plasma column, the MW power split into two peaks symmetrically after passing through the column. The peak value increases with the central plasma frequency while it decreases with the electron collision rate. A column with a small diameter (e.g., less than the wavelength of incident MW) is inefficient in scattering the MWs due to the significant diffraction effect. In the overdense plasma column, the scattering pattern is insensitive to the plasma frequency and electron collision rate. In the case of the plasmacolumn array, the MW can be attenuated by collision in plasma as well as being scattered into other directions, leading to a smaller reflectance in comparison with the planar plasma layer. The collisional, non-planar shaped plasma object in the case of under-or over-density can reduce significantly the reflection of MW.
